The alleviative effect of procyanidins extracted from the lotus seedpod (LSPC) on oxidative stress in various tissues was evaluated by determining the activities of the antioxidant enzymes and the content of reduced glutathione (gSH) in heart, liver, lung, kidney, skeletal muscle, and serum in aged rats. Aging led to antioxidant deficit in various tissues in this study, which is confirmed by remarkable increased lipid peroxidation, whereas the change patterns of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (gPx), and gSH were diverse in various tissues of aged rats. LSPC treatment (50 and 100 mg/kg body weight) modified the activity of SOD, CAT, and gPx as well as gSH content alteration in these tissues, which reversed the age-related antioxidant deficit in aged rats. However, the regulatory patterns on the activities of these enzymes and gSH content by LSPC treatment were different according to the tissues in aged rats.
A giNg is an inevitable process in which progressive physiological functions deterioration and pathological changes are involved. Many hypotheses have been made to explain the aging process, and the free radical theory of aging, first proposed by Harman (1) , is one of the most vital theories. A free radical is any atom, molecule, or compound that has an odd number of electrons in an outer orbital, which leads to its highly unstable character. Free radicals can attack many different macromolecules, including membrane lipids, proteins, and DNA, which causes cell damage and dysfunction (2) . The antioxidant defense system of the body, which includes antioxidant enzymes such as glutathione peroxidase (gPx), superoxide dismutase (SOD), and catalase (CAT) as well as nonenzymatic antioxidants such as reduced glutathione (gSH), and vitamins C and E, works in concert to remove free radicals. Previous research has indicated that aging results in mixed patterns of antioxidant enzymes and antioxidants alteration in different organs (3) (4) (5) , but generally, the antioxidative defense capacities displayed an age-dependent decline in most tissues. in contrast, the free radicals generation increased in various tissues during aging (3) . The imbalance between the cellular production of free radicals and the antioxidant defense leads to oxidative stress. Therefore, the free radical theory of aging asserts that the accumulation of damage to cellular components inflicted by free radicals is a major mechanism of aging.
As a class of natural antioxidant compounds, procyanidins are widely distributed in fruits, vegetables, seeds, flowers, bark, and wines. in recent years, these compounds have attracted extensive attention in many fields such as nutrition, medicine, and health due to their excellent antioxidant capacity and a broad spectrum of safety. Procyanidins possess significantly better free radical scavenging capability than vitamins C and E, or b-carotene (6) . in addition, these compounds have also been reported (7, 8) to exhibit several other biologic effects by acting as anticarcinogen, anti-inflammatory, antimicrobial, antiviral, cardiopreventive, and neuroprotective agents.
Besides their direct scavenging activities against free radicals, procyanidins have also been reported to regulate the antioxidant defense system in brain (9) and other tissues (10, 11) by modulating the expression and activity of antioxidant enzyme system. Recently, procyanidins extracted from the lotus seedpod (LSPC) have also been reported to increase antioxidant enzymes activities in serum of the senescence-accelerated mice (12) as well as in brain of the senescence-accelerated mice (12) and aged rats (13) . However, the effect of LSPC on the age-related antioxidant deficit in other tissues of aged animals has not been established. The purpose of the present study was to determine the effect of LSPC on the antioxidative defense capacities in some main tissues of aged rats.
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Materials and Methods
animals
Thirteen-month-old female Sprague-Dawley rats were obtained from Sino-British Sippr/BK (Shanghai, China). The rats were housed individually and maintained at a controlled ambient temperature (24 ± 1°C) under diurnal conditions (light-dark: 08:00 am-20:00 pm) with access to laboratory chow and tap water ad libitum. The young controls were obtained at 3 months of age from the same supplier. At the start of the experiment, the young adult animals were 4 months of age and the aged animals were 18 months of age. The health of the animals was monitored weekly, and any animals with overt signs of chronic respiratory distress, infection, or tumors were removed from this study. The animals were cared for in accordance with the Guiding Principles in the care and Use of animals. The experiment was approved by the Tongji Medical College Council on Animal Care Committee, Huazhong University of Science and Technology, China.
Materials
The powder of LSPC was gained from the Natural Product Laboratory of Huazhong Agricultural University (China). its extraction and isolation (14, 15) , chemical character (such as the composition and molecular weight) (14) , as well as other characterization have been reported in detail (12, 14, 15) .
Treatments
Ten young rats served as young control group. The aged rats were randomly divided into three groups with 12 rats in each group: the aged group and the low-dose LSPC (L-LSPC) and high-dose LSPC (H-LSPC) groups. Rats in L-LSPC and H-LSPC groups were given 50 and 100 mg/kg body weight LSPC orally by a gavage daily for 8 weeks, respectively. The powder of LSPC was dissolved in distilled water, and the LSPC solution was freshly prepared every day throughout the experimental period. Rats in the young and aged groups were given orally an equivalent volume of distilled water daily.
Tissue Preparation
Because some rats were excluded from the study because of death or diseases specified earlier, the number of rats in young, aged, L-LSPC, and H-LSPC groups was 10, 9, 9, and 10, respectively. All animals were killed by decapitation under anesthesia 4 hours after final treatments. Prior to sacrifice, blood was collected by heart puncture for serum separation and stored at −80°C. The heart, liver, lung, kidney, and vastus medialis muscle samples were quickly dissected, rinsed, and stored at −80°C. A piece of each organ was weighed, and a 10% homogenate was prepared in a 50 mmol/L phosphate buffer (pH 7.0) containing 0.1 mmol/L EDTA. The homogenate was centrifuged at 3,500g for 10 minutes at 4°C, and the supernatant was stored at −80°C for further biochemical assays.
estimation of Biochemical Parameters
Determination of SoD.-SOD activity was estimated basing on the method of Kono (16) with slight modification. Briefly, the reaction was initiated by mixing an aliquot of homogenate supernatant with 0.5 mM hypoxanthine, 0.5 mM hydroxylamine, and 0.01 U xanthine oxidase in the buffer containing 104 mM potassium phosphate, 78 mM sodium borate, and 0.025 mM EDTA (PH 7.0) at 37°C for 30 minutes in a reaction volume of 100 mL. The reaction was terminated by adding 0.2 mL of 16% (v/v) acetic acid solution containing 2.6 mM sulfanilic acid and 38.6 mM naphthyl ethylenediamine, and the absorbance at 550 nm was recorded for the calculation of SOD activity. Under the conditions, one nitroso unit of enzyme activity was calculated as that inhibiting 50% of the oxidation of hydroxylamine without an enzyme source.
Determination of caT.-CAT activity was estimated according to the method of goth (17) with slight modification. Briefly, 50 mL of sample was mixed with 50 mL of substrate (6.5 mM hydrogen peroxide in phosphate buffer) for 60 seconds, then 100 mL of 32.4 mM ammonium molybdate solution was added, and absorbance change was measured at 405 nm. One unit of the enzyme was defined as millimoles of hydrogen peroxide degraded per minute per milligram protein.
Determination of GPx.-gPx activity was determined by the method of Sazuka and colleagues (18) with slight modification. Briefly, the homogenate supernatant mixed with gSH and hydrogen peroxide was incubated at 37°C for 3 minutes, followed by the addition of 10% trichloro acetic acid (TCA). After centrifugation, the supernatant was collected and mixed with disodium hydrogen phosphate and 5,5,-dithiobis(2-nitro-benzoic acid) (DTNB). The absorbance was recorded at 412 nm. The unit of gPx activity was expressed as micromoles gSH oxidation per minute per milligram protein.
Determination of GSH.-The gSH content was determined by the method of Moron and colleagues (19) with slight modification. Briefly, the protein in sample was precipitated with 50% TCA and then centrifuged at 1,000g for 5 minutes. The reaction mixture containing 50 mL of supernatant, 200 mL of 0.2 M Tris-EDTA buffer (PH 8.9), and 10 mL of 0.01 M DTNB was kept at room temperature for 5 minutes and then measured at 412 nm.
The gSH concentration was calculated using a gSH standard curve.
Determination of thiobarbituric acid reactive substances.-Thiobarbituric acid reactive substances (TBARS) level was measured by the method of Buege and Aust (20) . Briefly, the homogenate supernatant was incubated in a reagent containing 0.375% thiobarbituric acid, 15% TCA, 0.25 M HCl, and 6.8 mM 2,6-di-tert-butyl-4-methylphenol for 60 minutes in a boiling water bath. The mixture was centrifuged at 1000 g for 15 minutes, and the absorbance of the supernatant was recorded at 532 nm by using 1,1,3,3-tetraethoxypropane as standard. The lipid peroxidation was expressed as TBARS in nanomoles per milligram protein.
Determination of protein concentration.-The protein concentration was determined by the method of Lowry and colleagues (21) using bovine serum albumin as standard.
Statistical analyses
Values are presented as mean ± SeM. The data obtained from the biochemical profiles were analyzed by one-way analysis of variance. All statistical analyses were performed using SPSS 13.0 statistical software (SPSS inc., Chicago, iL), and a difference was considered significant when p < .05.
Results
The effect of lSPc on SoD activity in Different Tissues of aged Rats
As can be seen in Figure 1 , there was quite a deal of difference in the alterations of activities of SOD in various tissues with aging. Comparing with the young controls, aged rats had significantly lower enzyme activities in liver and serum but significantly higher activity in lung, whereas the activities of SOD in heart, kidney, and skeletal muscle Figure 1 . Effects of procyanidins extracted from the lotus seedpod (LSPC) supplement (50 and 100 mg/kg body weight) on the activities of superoxide dismutase (SOD) in different tissues of aged rats. The number of rats in young, aged, low-dose LSPC (L-LSPC), and high-dose LSPC (H-LSPC) groups was 10, 9, 9, and 10, respectively. Bars represent the mean ± SeM. groups sharing different letters above the bars mean statistically significant differences (p < .05), whereas those denoted by any same letters are insignificant.
remained unchanged with aging. Both doses of LSPC administration increased the SOD activities in liver and serum to the levels of those of the young controls. in addition, H-LSPC group also had a significantly higher SOD activity in heart and kidney than young and aged groups. Moreover, LSPC also markedly reduced the increased SOD activity of lung in aged animals, and the enzyme activity in H-LSPCtreated rats was comparable with that in young participants. With regard to the change of the enzyme activity in skeletal muscle, no significant effect on the SOD activity in aged rats was observed by LSPC administration.
The effect of lSPc on caT activity in Different Tissues of aged Rats
As shown in Figure 2 , the activities of CAT in heart, liver, kidney, and serum of aged group were significantly lower than those in young group, and no significant differences were observed in lung and skeletal muscle between young and aged rats. Animals in both LSPC groups revealed higher CAT activities in liver and serum than those in aged group and were similar to their young counterparts. The CAT activities of heart and kidney were also significantly higher in H-LSPC group compared with aged group, and no significant difference was detected compared with that of young group. Both doses of LSPC had no effect on the CAT activity in lung and skeletal muscle of aged rats.
The effect of lSPc on GPx activity in Different Tissues of aged Rats
As shown in Figure 3 , a significant decrease of the gPx activities in heart, liver, and kidney had been observed in aged animals when compared with young controls. Administration of both doses of LSPC to aged rats elevated significantly gPx activities in these three tissues to levels approximating to the levels of the young rats. However, the enzyme activities in lung, skeletal muscle, and serum Figure 2 . Effects of procyanidins extracted from the lotus seedpod (LSPC) supplement (50 and 100 mg/kg body weight) on the activities of catalase (CAT) in different tissues of aged rats. The number of rats in young, aged, lowdose LSPC (L-LSPC), and high-dose LSPC (H-LSPC) groups was 10, 9, 9, and 10, respectively. Bars represent the mean ± SeM. groups sharing different letters above the bars mean statistically significant differences (p < .05), whereas those denoted by any same letters are insignificant.
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The effect of lSPc on TBaRS contents in Different Tissues of aged Rats
As the main metabolite of lipid peroxidation, TBARS is able to indicate the extent of lipid peroxidation and reflect indirectly the level of free radicals. As can be seen in Figure 5 , TBARS contents in all tissues were significantly elevated with aging. LSPC administration brought down the TBARS levels in these tissues. The TBARS contents in liver, lung, kidney, and serum of aged rats in both doses of LSPC groups were remarkably reduced and comparable with those in young group except for the contents in lung of those in L-LSPC group, which was markedly lower than those of aged animals but significantly higher than those of young participants. H-LSPC supplement reduced significantly TBARS contents to the normal levels (the levels found in young controls) in heart and skeletal muscle of aged rats. in addition, L-LSPC did not show a significant decrease in TBARS contents in heart and skeletal muscle of aged rats, but there were no differences in those contents between L-LSPC and young groups.
Discussion
Aging can result in a number of physiological modifications, which are responsible for the degradation of functional capacities. According to the free radical theory of aging, the accumulation of the free radical-induced oxidative stress proposed to be an underlying factor of the aging process. Mitochondria are the main source for free radical production and are also the major site for free radical damage in the cell. The functional decline of mitochondria in the aging process leads to increased free radicals generation. On the other hand, antioxidant defense system works as a complex team to remove free radicals in vivo. The most important antioxidant enzymes in mammals include SOD, which converts superoxide to hydrogen peroxide, and gPx and CAT, which are responsible for converting hydrogen were not modified significantly among the young, aged, and LSPC groups.
The effect of lSPc on GSH contents in Different Tissues of aged Rats
As shown in Figure 4 , aged rats had significantly lower gSH contents in heart, liver, and serum but significantly higher contents in skeletal muscle than their young counterparts, whereas its contents in lung and kidney remained unchanged with aging. L-LSPC elevated significantly gSH contents in heart and liver of aged rats to the approximated levels in young rats, and the same results were observed in kidney and serum in H-LSPC supplement aged animals. Furthermore, rats in H-LSPC group had significantly increased gSH contents in lung than young controls as well as in heart and liver than aged and young animals. The gSH contents in skeletal muscle of animals in both LSPC groups and aged group maintained a significant higher level than those of young controls, and there was no significant difference between aged group and LSPC groups with various doses. Figure 4 . Effects of procyanidins extracted from the lotus seedpod (LSPC) supplement (50 and 100 mg/kg body weight) on the contents of reduced glutathione (gSH) in different tissues of aged rats. The number of rats in young, aged, low-dose LSPC (L-LSPC), and high-dose LSPC (H-LSPC) groups was 10, 9, 9, and 10, respectively. Bars represent the mean ± SeM. groups sharing different letters above the bars mean statistically significant differences (p < .05), whereas those denoted by any same letters are insignificant. Figure 5 . Effects of procyanidins extracted from the lotus seedpod (LSPC) supplement (50 and 100 mg/kg body weight) on the contents of thiobarbituric acid reactive substances in different tissues of aged rats. The number of rats in young, aged, low-dose LSPC (L-LSPC), and high-dose LSPC (H-LSPC) groups was 10, 9, 9, and 10, respectively. Bars represent the mean ± SeM. groups sharing different letters above the bars mean statistically significant differences (p < .05), whereas those denoted by any same letters are insignificant. Figure 3 . Effects of procyanidins extracted from the lotus seedpod (LSPC) supplement (50 and 100 mg/kg body weight) on the activities of glutathione peroxidase (gPx) in different tissues of aged rats. The number of rats in young, aged, low-dose LSPC (L-LSPC), and high-dose LSPC (H-LSPC) groups was 10, 9, 9, and 10, respectively. Bars represent the mean ± SeM. groups sharing different letters above the bars mean statistically significant differences (p < .05), whereas those denoted by any same letters are insignificant. peroxide to water (22) . As a very important nonenzymatic antioxidant, gSH can react directly with free radicals or act as an electron donor in the reduction of peroxides catalyzed by gPx (23) . Although a lot of researches have been done on age-related changes of antioxidant levels of various tissues in rodents, unfortunately, these studies have produced a variety of sometimes conflicting results. The inconsistency of the results may be, at least, partly attributable to the differences in species, strain, sex and age of animals, assay methods, as well as experimental conditions. At the same time, these inconsistencies also reflect the rather complex relationships between antioxidative system in various tissues and the aging process. generally speaking, the antioxidant system in most tissues displayed an age-dependent decline.
in the present study, the activities of one or more of the antioxidant enzymes (SOD, CAT, and gPx) reduced markedly in heart, liver, kidney, and serum of aged rats. Similarly, the contents of nonenzymatic antioxidant gSH of these tissues in aged rats were also remarkably lower than those in young controls. As a result, the levels of lipid peroxidation were elevated significantly in these tissues of aged rats. A point worth emphasizing is that the antioxidant enzymes work as a complex team to remove free radicals, and a balance among the antioxidant enzymes is believed to be critical in antioxidant defense. For example, overexpressing SOD with a defined capacity for the removal of hydrogen peroxide causes accumulation of hydrogen peroxide, which is also a more powerful oxidizing agent. The ratios of activities of CAT to SOD and gPx to SOD have been considered as effective indexes to evaluate oxidative stress (22, 24) . Previous work (24) has shown that overexpression of only Cu-Zn SOD led to the increase of free radicals damage as supporting this view. Therefore, in the present study, the increase of the SOD activity without alteration of activities of CAT and gPx in lung of aged rats, combined with the unaltered gSH level, might deteriorate free radicals damage, and it was not surprising to find age-related increase of oxidative damage in aging lungs. With respect to skeletal muscles, the higher level of lipid peroxidation revealed an enhanced oxidative environment in aged animals, and the increase of gSH level in aged skeletal muscles was a result of positive adaptation with aging (25) because chronic oxidative stress in aging process lead to an increase of intracellular gSH by increasing the expression of g-glutamylcysteine synthetase, the rate-limiting enzyme of gSH synthesis, in aging skeletal muscles (25) .
Procyanidins are a group of polymeric polyphenols composed of polyhydroxy flavan-3-ol monomeric subunits [(−)-epicatechin and/or (+)-catechin]. Some metabolites and oligomers of these compounds are absorbed and detected in the circulation following the oral intake of procyanidins (8) , and thus, procyanidins can exert their biologic actions in various tissues. A lot of potential health beneficial effects of procyanidins have been reported, and most of them are often claimed to be based on their antioxidant properties (7, 8, 26) . it has been proved that the main molecular mechanisms of antioxidant activity of procyanidins are free radical scavenging activity, chelation of transition metals, and inhibition of pro-oxidative enzymes (7, 26) . in addition, some research has demonstrated that procyanidins intake can exert selective actions on antioxidant enzyme system (9, 11, 12) and nonenzymatic antioxidants, such as gSH (11) , and these actions may play a major role in the antioxidant capacities of procyanidins because their metabolite concentrations in organs are lower and do not match their antioxidant capacities (27) . in the present study, LSPC administration could recover age-related decrease of the activities of SOD, CAT, and gPx of liver and kidney as well as gSH contents of the two organs in aged rats. Although the SOD activity of heart was not affected by aging, H-LSPC administration significantly elevated this enzyme activity. At the same time, LSPC administration also markedly increased the activities of both SOD and CAT as well as the content of gSH in heart of aged rats. The concordant LSPCinduced increase of these enzymes activities and gSH contents were favorable to enhance the free radical scavenging activity and therefore attenuated lipid peroxidation in these aged tissues. Moreover, although the gPx activity remained unalterable, LSPC also exerted their antioxidant properties by similar manner in serum of aged animals. LSPC, however, did depress the alone increased SOD activity in aged lung, and this would make for restoring the balance of antioxidant enzymes system and accordingly improved the free radical scavenging efficiency. LSPC also markedly lowered the degree of lipid peroxidation in aging skeletal muscle without a modification of the activities of SOD, CAT, and gPx. This meant that the improvement of the cellular redox status in aging skeletal muscle by LSPC was, in fact, probably by means of the nonenzymatic pathways. Supporting this idea, procyanidins probably increased gSH content via enhancing its synthesis directly (11) , and this mechanism was different from that of increasing gSH content in aged animals.
in summary, the antioxidant capacities in various tissues in this study declined with aging, which was confirmed by remarkable increased lipid peroxidation. However, differentiated patterns of the activity changes of the three antioxidant enzymes SOD, CAT, and gPx as well as different content alteration of the nonenzymatic antioxidant gSH were observed in these aging tissues, and the different modification patterns caused tissue damage with different mechanisms. The age-related antioxidant deficit was reversed by treatment with LSPC. Besides their free radical scavenging properties, LSPC also prevented oxidative damage by modulating the activities of antioxidant enzyme systems and the content of gSH, and the regulatory patterns also differed according to the tissues. However, the reasons for LSPC induced the differentiated changes in the antioxidant enzymes and nonenzymatic antioxidant of various tissues in aged rats
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are still open to discuss, and the molecular mechanisms responsible for these protections are needed to explore in future.
